Radiation Protection Dosimetry (2014), Vol. 159, No. 1 -4, pp. 46-51
Advance Access publication 21 April 2014

doi:10.1093 /rpd/ncul27

FURTHER BIODOSIMETRY INVESTIGATIONS USING MURINE
PARTIAL-BODY IRRADIATION MODEL

W. E. Blakely!-*, D. J. Sandgren!, V. Nagy!, S.-Y. Kim!, G. B. Sigal? and N. I. Ossetrova!
! Armed Forces Radiobiology Research Institute, 8901 Wisconsin Avenue, Bethesda, MD 20889-5603, USA

Meso Scale Diagnostics, Rockville, MD 20850, USA

*Corresponding author: william.blakely@usuhs.edu

This study evaluates both the effects of physical restraint and use of candidate biomarkers in a CD2F1 male mouse partial-body
irradiation model for biological dosimetry diagnostic assays. Mice were irradiated (6-Gy, 250-kVp X ray) to 3/3rd (total body),
2/3rd (gut and torso), 1/3rd (gut only) and 0/3rd (sham) of total body. Blood was sampled for haematology and blood plasma
proteomic biomarkers at 1 and 2 d after exposure. Increases in the body fraction exposed showed progressive decreases in lympho-
cyte counts and increases in the neutrophil-to-lymphocyte ratios with no significant differences in the neutrophil and platelet
counts. The radioresponse for plasma biomarker FIt3L showed proportional increases; however, G-CSF and SAA levels exhibited
dramatic and non-proportional increases in levels. Physical restraint at 1 d post-exposure increased lymphocyte counts and SAA,
decreased neutrophil-to-lymphocyte ratio and FIt3L and showed no effects on neutrophil and platelet counts or G-CSFE.

INTRODUCTION

Radiation accidents typically involve non-homogen-
ous partial-body irradiation (PBI) exposures, while
studies to establish dose—response calibration curves
for biodosimetry applications %enerally use total-
body irradiation (TBI) models"”. Radiation models
need to be developed to assess confounders including
PBI exposure. There are extensive studies evaluating
the effects of partial-body exposures using cytogenetic
radiation biomarkers®. A recent study was reported
evaluating multiple parameter biodosimeters using a
total- and partial-body baboon radiation model®.
The authors previously reported preliminary results
to establish a murine PBI exposure model and to
evaluate the effects of PBI vs. TBI exposures on radi-
ation-responsive haematological and plasma prote-
omic biomarkers.

Strategies for medical management of a suspected
radiation overexposed individual are enhanced with
an understanding of fraction of the body exposed as
well as an assessment of radiation injury for organ-
specific systems. Biomarkers can fall into two classes,
early expressed biomarkers of radiation injury as well
as organ-specific injury biomarkers that are exhibited
at various times after radiation exposure in a time- and
dose-dependent fashion based on organ- and tissue-
specific cell-renewal transit times'. Biomarkers for the
assessment of the severity of injury due to various
acute radiation sickness (ARS) subsyndromes have
been identified, validated in animal model systems and
used in radiation therapy and accidents; see review by
Blakely ez al.©.

In the murine PBI model for biodosimetry evalu-
ation, mice were immobilized by physical restraint
during the irradiation. Stresses from various sources
have the potential to confound the evaluation of

radiation dose by biological methods'”. Immobilization
stress can alter the prooxidant—antioxidant balance
and differed in radioresistant vs. radiosensitive rats®.

Here the aim of this study was to establish a murine
PBI model to evaluate use of early-phase bioindica-
tors of severe radiation injury that have the potential
to enhance ability to rapidly identify severely exposed
individuals. The authors performed a multiple par-
ameter biodosimetry study using mice exposed to
progressive increases in body fractions with 6 Gy of
250 kVp X rays. Herein, the authors extended their
findings to include an assessment of the effects of
stress due to physical restraint used to immobilize
mice during partial-body exposures on candidate
radiation biomarkers. The utility of using multiple
stress-resistant radiation biomarkers to assess partial-
body exposure is shown.

MATERIALS AND METHODS
Animal model system

CD2F1 mice (Mus musculus), 8- to 10-week-old
(~22-26 g) males were used in this study. Studies
were performed in a facility fully accredited by the
Association for Assessment and Accreditation of
Laboratory Animal Care International and treated
in accordance with principles outlined in the Guide

for the Care and Use of Laboratory Animals of the

Institute of Laboratory Animal Resourcgs, National
Research Council as previously described®: '),

Radiation exposure and dosimetry

Mice were exposed to 0 or 6 Gy of X rays either in
mouse radiation boxes (Figure 1A) or single-mouse
Plexiglas® jigs (Figure 1B). Immobilized mice exposed
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Figure 1. Apparatuses for holding mice during irradiation
and dosimetry mapping for irradiating non-restrained mice.
(A) Photograph illustrating mice Plexiglas® irradiation box
apparatus used for irradiation of non-restrained mice.
Typically four mice were placed in the bottom of the mouse
irradiation box. (B) Photograph illustrating single-mouse
Plexiglas® holder used to restrain mice in the partial-body
studies. (C) Dosimetry mapping in the field of the mouse
irradiation box used for irradiating non-restrained mice to X
rays. Dose uniformity mappings shown as the ratio of doses
relative to the measured mid-line dose of 6 Gy using alanine
EPR dosimetry. The grayscale key is also illustrated for the
dosimetry mapping (see manuscript text for additional
details).

to X rays in the restrained condition were either sham
treated (0/3) or exposed to 6 Gy of X rays representing
increasing fractions of the total body: 1/3 (mid-body),
2/3 (mid- and lower-body) and 3/3 (whole-body). The
PBI setup and dosimetry was earlier described.
Three replicate experiments were performed with n = 8
animals for each group for each experiment.

Mice were irradiated with a Philips X-ray machine
(250 kVp, filament current 12.5 mA, HVL 2.1 mm
Cu, SSD = 50 cm) at a dose rate at the cores of the
mouse abdomens ~0.5 Gy/min. The doses and dose
uniformity for the X-ray exposures using non-
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restrained mice were measured as

iousl
described®. prEvIOnY

Peripheral blood biosampling and blood cell counts

Peripheral blood biosampling was performed in this
study as previously described®. Briefly, blood was
drawn from mice under anaesthesia by cardiac punc-
ture using heparin wetted needles (23 G) and 1 ml syr-
inges. The blood was then transferred into EDTA
vacutainer tubes (Becton Dickerson & Company,
Franklin Lakes, NJ, USA) and analysed within hours
after biosampling. Complete blood cell counts and
differentials were determined using a clinical haema-
tology analyser.

Plasma protein biomarker measurements

A panel of candidate radiation-responsive plasma
protein biomarkers were measured using the Meso Scale
Diagnostic (MSD) MULTI-ARRAY™ electrochemilu-
minescence-detection technology, which exhibits high
sensitivity and dynamic range capabilities'”. Assays
were developed as multiplex panels in 16-spot MULTI-
ARRAY 96-well plates and analysed on an MSD PR2
Model 1800 plate reader as previously described!?.

Selected plasma protein biomarkers (i.e. FIt3L,
SAA, G-CSF) were measured using commercially
available enzyme-linked immunosorbent assay (ELISA)
kits (FIt3L and G-CSF: R&D Systems, Minneapolis,
MN, USA; SAA: Invitrogen Corporation, Camarillo,
CA, USA) as previously described® '?. Briefly, samples
were assayed for colorimetric detection and quantitation
of total protein via the bicinchoninic acid method
(Pierce, Rockford, IL, USA) prior to the immunoassay.
Three replicate measurements were determined for
each sample and standards. The FIt3L, SAA and
G-CSF concentrations in plasma samples were deter-
mined via the generated calibration curve for standard
proteins and with use of Table Curve 2D software
(Systat Software Inc., San Jose, CA, USA).

Data analysis

The analysis of variance was used when comparing
more than two groups and two-sided Student’s z-test
was used when comparing two groups to determine
significant difference among sampling time and dose
points. Values of p < 0.05 were considered statistically
significant. Values are expressed as mean + standard
error (SE).

RESULTS AND DISCUSSION

Current methodologies to rapidly assess PBI exposure
and radiation injury need to be enhanced to provide
necessary diagnostic information to support early-
phase medical treatment decisions'®. A mouse PBI
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model was established to evaluate candidate early-
phase radiation bioindicators. Preliminary findings
addressing the effects of partial-body exposure to
selected biomarkers were earlier reported®. Here, the
authors present results on the effects of restraint on
candidate biomarkers and expand upon the panel of
biomarkers evaluated in the earlier partial-body
exposure study.

Dose uniformity

The uniformity of the dose was determined using
EPR dosimetry with alanine pellets positioned in the
boxes at the location to be occupied by the animals
(Figure 1A). Dose resolution is limited by the diam-
eter (5 mm) and spacing (~2-3 mm) between alanine
pellet. Results for irradiation of restrained mice were
previously described®. Based on this resolution the
uniformity of the field was within 2—3 % for the non-
restrained mice exposed to 6-Gy X rays in the mouse
radiation box (Figure 1C).

Plasma radiation biomarker profiling

Plasma derived from non-restrained 0 and 6 Gy of
X-ray exposed mice was used to screen for candidate
radiation-responsive biomarkers measured by the
MSD detection technology. Results from individual
animals for multiple candidate plasma biomarkers
are shown in Figure 2 and illustrate the interindivi-
dual variations in baseline levels (0 Gy) compared
with irradiated (6 Gy) mice 1 and 2 d after exposure.
The radioresponse for IL-6 and SAA, shown here for
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Figure 2. Effect of irradiation to 0 and 6 Gy X rays on
plasma protein biomarkers in non-restrained mice. Symbols
represent various plasma protein biomarker levels from
individual mice 1 d (o, @) and 2 d (A, V) after exposure to 0
Gy (o, A) and 6 Gy (e, ¥) X rays. Mouse plasma proteins
were measured using MSD detection technologies even if
concentrations was less than LOD. Line bars illustrate the
upper and lower assay detection limits in the linear range.
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mouse strain CD2F1, is similar to the results the
authors reported earlier using BALB/c male mice®®.
Many of the plasma proteins exhibited low to negli-
gible radiation effects, whereas others (FIt-3L, SAA
and G-CSF) showed promise as useful diagnostic
radiation biomarkers. These three plasma protein bio-
markers were evaluated in subsequent studies evaluat-
ing the effects of partial-body exposure and restraint.

Effect of restraint

Radio-responses of biomarkers can be influenced by
many confounders including co-exposure to wound-
ing, blast or overpressure, heat or burns, medication
and partial-body exposures. The PBI mouse model
allowed to evaluate the stress effects from restraint
during irradiation. Mice were immobilized during the
partial-body exposures of ~12 min duration using
single-mouse holders (Figure 1B) as previously
described® in lieu of anaesthesia. In order to evaluate
the impact of restraint, a cohort of mice were also
exposed to 0 and 6 Gy of X rays in mouse radiation
boxes (Figure 1A) representing the non-restrained
condition.

Results from selected haematology parameters
(lymphocytes—Figure 3A; neutrophils—Figure 3B;
neutrophil-to-lymphocyte ratio—Figure 3C; plate-
lets—Figure 3D) and plasma protein biomarkers
(FIt3L—Figure 3E; SAA—Figure 3F; G-CSF—
Figure 3G) are shown. Baseline data from mice taken
directly from their normal cages are shown as a hori-
zontal line in Figure 3A—G. These levels are similar
to values obtained from control (0 Gy) animals in the
restrained and non-restrained conditions.

Fold changes in biomarker levels comparing
restrained vs. non-restrained conditions are shown in
Table 1. Restraint induced an ~3 fold (p < 0.001) in-
crease in SAA levels 1 day after 6 Gy of X-ray expos-
ure. Lymphocyte counts were elevated by ~1.8-fold
(p = 0.003), whereas neutrophils-to-lymphocytes
ratio decreased by 0.6- to 0.7-fold (p < 0.02) 1 and 2
d after 6 Gy of X-ray exposure. Restraint caused <16
and 29 % decreases in Flt-3L levels following expos-
ure to 6 Gy of X rays at 1 and 2 d post-exposure, re-
spectively. No significant effects of restraints were
seen for G-CSE

Effect of partial-body exposure

The combined use of haematological blood counts
and plasma proteomic biomarkers can enhance radi-
ation dose assessment''?. Preliminary results for the
effect of partial-body exposure were earlier reported
on lymphocytes, FIt3L and SAA®. Here the authors
report on the results from additional haematology
parameters (i.e. neutrophils—Figure 3B; neutrophil-to-
lymphocyte ratio—Figure 3C; platelets—Figure 3D)
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Figure 3. Effects of restraint and partial-body exposure on selected biomarkers. Baseline levels of biomarkers are shown as a
horizontal line in (A)—(G). Baseline data were obtained from Ossetrova er al.** . Mice were sham treated in the mouse
irradiation box (0/0B) and the single-mouse holder (0/0). Restrained mice were exposed to 6 Gy X rays to their mid-body (1/3),
lower body (2/3) and whole body (3/3). Non-restrained mice were exposed to 6 Gy X rays (3/3B). Blood was biosampled
1 and 2 d after irradiation for blood cell counts [(A) lymphocytes, (B) neutrophils, (C) neutrophil to lymphocyte ratio, (D)
platelets)] and selected plasma protein ELISAs [(E) FIt3L, (F) SAA and (G) C-CSF]. Bar heights represent means (n = 24).
Error bars represent SE of the means. Statistical differences (p < 0.05) in the non-restrained groups compared with the
restrained groups are indicated with asterisks (Table 1) and between the exposed restrained and 0 Gy restrained are indicated
with crosses. (H) The benefit of using multiple biomarkers to enhance distinguishing of different partial-body exposures is
illustrated in a 3D-plot of radioresponse using FIt3L, lymphocyte counts, and neutrophil-to-lymphocyte ratio. This study
involved three replicate experiments with n = 8 for each experiment. See manuscript text for additional details. Data from the
partial-body exposures (i.e. 0/3, 1/3, 2/3 and 3/3) for biomarkers shown in (A), (E) and (F) were previously reported®.
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Table 1. Effect of restraint.

Fold changes in biomarker levels between restrained vs. non-
restrained mice

Biomarker 0 Gy 6 Gy
Ratio p-Value Ratio p-Value

Lymphocytes

1d 1.28 0.012 1.78 0.001

2d 1.13* 0.14 1.85 0.003
Neutrophils

1d 1.21 0.024 1.08* 0.33

2d 1.08% 0.25 1.24 <0.001
Neutrophils-to-lymphocyte ratio

1d 1.42 <0.01 0.59 0.005

2d 1.24 0.005 0.70 0.019
Platelets

1d 0.93 0.013 0.56 <0.001

2d 1.00* 0.98 0.92 0.031
FIt3L

1d 0.90 0.031 0.84 <0.001

2d 0.93* 0.24 0.71 <0.001
SAA

1d 1.99 0.026 2.94 <0.001

2d ND® — 1.65° 0.28
G-CSF

1d 1.56% 0.11 1.18* 0.14

2d 1.12% 0.53 1.57% 0.06

“No significant effect of restraint in biomarker levels when
comparing restrained vs. non-restrained mice based on a
two-tail Student’s #-test (p < 0.05).

"ND, not done.

and plasma protein G-CSF (Figure 2G) evaluated fol-
lowing exposure to 0 or 6 Gy of X rays.

Both lymphocyte counts and neutrophil-to-
lymphocyte ratio showed changes with progressive
increases in the fraction of the body exposed to 6 Gy
of X rays, whereas neutrophil and platelet count res-
ponses were not significantly different with changes in
the fraction of the body exposed.

Plasma protein biomarker G-CSF was measured in
this model system 1 and 2 d after irradiation. Plasma
G-CSF baseline (non-restrained) level ranged from
5.78 t0 204.91 ng L™ ! with a sham-treatment (0 Gy,
restrained) mean value of 78.98 (+10.48) and 76.68
(+12.76) ng L™ ! for 1 and 2 d, respectively. Whole-
body exposure to 6 Gy of X rays caused a 5.52
(+0.93) and 3.81 (+£1.03) ng L~ '-fold increase in
G-CSF level at 1- and 2-d relative to the sham con-
trols (Figure 3G). Mice exposed to 6 Gy to either the
mid-body (1/3) or mid- and lower-body (2/3) showed
a markedly less proportional radioresponse compared
with whole-body exposures. By 2 d after radiation,
whole-body exposed (3/3 and 3/3B) G-CSF levels
lowered but remained well above background levels
(Figure 3G), which may be attributed to the
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importance of head irradiation and involvement of
the severe inflammatory response syndrome'*.
Multiple radiation-responsive biomarkers can con-
tribute to enhance assessment of partial-body dose
assessment. Three haematological-based biomarkers
(FIt3L, lymphocyte counts and neutrophil-to-lympho
cyte ratio) were selected to illustrate their combined
ability to distinguish partial-body exposure (Figure 3H).

SUMMARY

Radiation model systems that address relevant potential
confounders to validate novel biodosimetry strategies
are needed. Here the effects of stress due to restraint
and partial-body exposure were evaluated using a
murine partial-body exposure model. Haematological
biomarkers are well accepted for use in radiation dose
and injury assessment for medical management of
radiological casualties''” and as demonstrated here
for partial-body exposure situations using the murine
radiation model. The authors have previously demon-
strated their efficacy for radiation diagnostics using
non-human primate whole-body exposure radiation
models® 17,

Similar findings were also demonstrated using a
murine whole-body exposure model'?. FIt3L has been
proposed as a bone marrow aplasia biomarker based on
studies using nimal radiation models"®, radiother-
apy patients"'” and human radiation accidents®*—>%.

The results have shown support for the use of bio-
marker FIt3L under confounding conditions of stress
due to restraint and partial-body exposures. The com-
bined use of haematology blood count parameters
and plasma proteomic biomarkers also lead to a para-
digm shift from biomarkers of dose to bioeffects (i.e.
bone marrow ARS subsyndrome)©?.

a
9)
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